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muth  oxide,  (Pb1/3Bi2/3)O1.4 with  the  ﬂuorite-type  structure  were  reﬁned  by using  neutron  diffraction  data.
The  ﬁnal  R-factors  were  Rwp = 4.49,  Rp = 3.46,  RI = 4.50  and  RF = 1.70%  for SrBi2O6 and  Rwp = 5.04,  Rp =  3.93,ccepted 6 February 2014
vailable online 28 February 2014
eywords:
ismuthate
rystal structure
RI =  5.47  and  RF =  4.26%  for (Pb1/3Bi2/3)O1.4.  SrBi2O6 prepared  from  NaBiO3·1.4H2O  is the  ﬁrst  example
of  the  bismuthate  with  the  PbSb2O6-type  structure.  The  ﬂuorite-type  lead  bismuth  oxide,  (Pb1/3Bi2/3)O1.4
was  obtained  by  heating  the  PbSb2O6-type  lead  bismuthate,  PbBi2O5.9·H2O which  was  prepared  also  from
NaBiO3·1.4H2O.
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. Introduction
Bismuth atom can adopt trivalent and pentavalent states in
xides. Pentavalent bismuthates could not be synthesized by using
igh temperature reaction except for the system containing barium
xide, and most of bismuthates have trivalent bismuth atoms. We
ave prepared a variety of pentavalent bismuthates by low temper-
ture hydrothermal reactions using a hydrate sodium bismuthate,
aBiO3·1.4H2O [1–7]. For example Bi2O4 [1] with the distinct crys-
allographic sites of Bi3+ and Bi5+, trirutile-type ABi2O6 (A = Mg,
n) [2], ilmenite-type AgBiO3 [3] and LiBiO3 [4] was obtained by
his method. Some of mixed valent bismuthates with the double
erovskite-type structure exhibited superconductivity [6,7]. Also
his starting compound could be used for ion-exchange reaction to
ield SrBi2O6, BaBi2O6 [8,9] and (Li,Na)BiO3 [10]. Although the X-
ay powder diffraction patterns of SrBi2O6 and BaBi2O6 had been
dentiﬁed with the PbSb2O6-type structure, their crystal struc-
ures have not been reﬁned yet. On the course of this investigation∗ Corresponding author. Tel.: +81 55 220 8615.
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e could prepare PbBi2O5.9·H2O with the PbSb2O6-type structure
rom the same starting compound and the ﬂuorite-type oxide,
Pb1/3Bi2/3)O1.4 appeared by heating PbBi2O5.9·H2O at 400 ◦C [11],
nd reported that some pentavalent bismuthates exhibited photo-
atalytic activity for decomposition of phenol under visible light
rradiation [12]. So far there has been no report on a lead bismuth
xide with the ﬂuorite-type crystal structure yet. According to the
CSD (International Crystal Structure Data Base) crystal structures
f only three types of lead bismuth oxides, Pb0.5Bi0.5O1.33 [13],
b2Bi24O40 with sillenite-type structure [14] and Bi9.82Pb6.18O21
15] were clariﬁed. A new ﬂuorite-type oxide, (Pb1/3Bi2/3)O1.4 was
n a metastable phase and ﬁnally changed to Pb1/3Bi2/3O4/3 above
00 ◦C [11].
Here we  will describe the crystal structure analysis of a penta-
alent bismuthate, SrBi2O6 with the PbSb2O6-type structure and a
ead bismuth oxide, (Pb1/3Bi2/3)O1.4 with the ﬂuorite-type structure
y using neutron powder diffraction data.
. Experimental
SrBi2O6 and (Pb1/3Bi2/3)O1.6 were prepared by using
aBiO3·1.4H2O as described elsewhere [8,11]. The product
as identiﬁed by X-ray powder diffraction using monochromated
uK radiation. Neutron powder diffraction data were collected
n air at 25 ◦C with a 150-detector system, HERMES [16], installed
t JRR-3M reactor in Japan Atomic Energy Research Institute. The
avelength of the neutron beam was  1.81386 A˚. Diffraction data
ere collected at intervals of 0.10◦ 2 from 7.0◦ to 140.0◦. The data
ere reﬁned using the Rietveld method with a computer program
IETAN-2000 [17]. The crystal structure was  drawn by VESTA [18].
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Table 1
Crystal data for SrBi2O6 and (Pb1/3Bi2/3)O1.4.
Chemical formula SrBi2O6 (Pb1/3Bi2/3)O1.4
Crystal system Hexagonal Cubic
Space group P3¯1m, No.162 Fm3¯m,  No.225
Z  1 4
Lattice parameters a = 5.5406(6) A˚c = 5.340(1) A˚ a = 5.532(1) A˚
Volume (A˚3) 141.98(3) 169.29(6)
Formula weight 601.58 233.99
Calculated density (g/cm3) 7.04 9.18
RWP 4.49% 5.04%
RP 3.46% 3.93%
RI 4.50% 5.47%
RF 1.70% 4.26%
S  1.52 1.47
Table 2
Structural parameters for SrBi2O6 and (Pb1/3Bi2/3)O1.4.
Atom Site x y z B(A˚2)
Sr 1a 0 0 0 0.5(3)
Bi 2d 1/3 2/3 1/2 0.02(33)
O 6k −0.3722(5) 0 0.2764(6) 0.9(3)ig. 1. Rietveld reﬁnement pattern of the neutron powder diffraction data of SrB
ntensities are drawn by dots and lines, respectively. In the middle portion the shor
ifference between the observed and calculated intensities is shown.
. Results and discussion
Structure reﬁnements of SrBi2O6 and (Pb1/3Bi2/3)O1.4 were car-
ied out in assumption that the space groups were the same as that
f the PbSb2O6-type structure (P3¯1m (#162)) and the ﬂuorite-type
tructure (Fm3¯m (#225)), respectively. The ﬁnal R-factors were
wp = 4.49, Rp = 3.46, RI = 4.50, RF = 1.70% (SrBi2O6) and Rwp = 5.04,
p = 3.93, RI = 5.47 and RF = 4.26% ((Pb1/3Bi2/3)O1.4) for the neutron
iffraction data. Fig. 1 shows the observed and calculated pat-
erns for neutron powder diffraction patterns. Crystal data, atomic
arameters and selected interatomic distances are summarized
n Tables 1–3, respectively. Fig. 2 shows the crystal structure of
rBi2O6. In this crystal structure both Sr and Bi atoms are coor-
inated octahedrally by six oxygen atoms. The Bi O distance is
.118(2) A˚ and this value is in agreement with those in other pen-
avalent bismuthates; 2.101 A˚ in Bi2O4 [1], 2.11 A˚ in LiBiO3 [4] and
.10 A˚ in MgBi2O6 [2] and 2.12 A˚ in AgBiO3 [3]. The Sr O distance
2.536(3) A˚) is somewhat smaller than that (2.581 A˚) in SrSb2O6
ith the PbSb2O6-type structure [19]. The bond valence sum (BVS)
alues [20] of Sr, Bi and O atoms in SrBi2O6 were calculated to be
.94, 5.13 and 2.03, respectively. The BVS value of Bi site indicates
entavalency of bismuth atom.
In the reﬁnement of a lead bismuth oxide at ﬁrst both atomic
ositions of bismuth and oxygen atoms was sited at the spe-
ial position, 4a and 8c, respectively; however, their isotropic
Atom Site Occupancy x y z
Pb,Bi 4a 1 0 0 0
O 32c 0.17(1) 0.297(1) =x =x
The overall isotropic displacement parameter Q = 3.38(8) A˚2.
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Table 3
Selected interatomic distances (A˚) for SrBi2O6 and (Pb1/3Bi2/3)O1.4.
SrBi2O6
Bi O 2.118(2) X 6 Sr O 2.536(3) X 6
(Pb1/3Bi2/3)O1.6
Pb,Bi O 2.285 (2) X 24 Pb,Bi O 2.85 (1) X 8
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Sig. 2. Crystal structure of SrBi2O6. The Bi2O62− layer is formed by edge-sharing of
iO6 octahedra. The solid lines represent the unit cell.
isplacement parameters resulted in very high values
B(A˚2) = 3.8(1) for Bi and 12.0(4) for O). Consequently the reﬁne-
ent with assumption that the overall isotropic displacement
arameters were used and the oxygen atom had a split site (32c)
as successful to lead to reasonable R values (Rwp = 5.04, Rp = 3.93).
he mean (Pb,Bi) O distance (2.43 A˚) in (Pb1/3Bi2/3)O1.4 was
onger than the (Bi,Y) O distances (2.242 and 2.378 A˚) in Bi3YO6
ith the ﬂuorite-type structure [21]. From the reﬁnement of the
ccupancy of the oxygen atom the chemical composition of this
uorite-type compound was determined to be (Pb1/3Bi2/3)O1.4
nd valence distribution of bismuth atom was  deduced to be
Pb0.33Bi3+0.60Bi5+0.07)O1.4.
Fig. 3 shows plot of the unit cell volume against the sum of ionic
adii of A and B cations for trirutile- and PbSb2O6-type oxides. Lin-
ar relationship is observed for whole range of the sum of ionic radii
n spite of the difference between crystal structures of trirutile- and
bSb2O6-type. These bismuthates are the ﬁrst example of trirutile-
nd PbSb2O6-type structures and fall on the tendency of other
ig. 3. Unit cell volume vs. the sum of ionic radii of A and B cations for trirutile- and
bSb2O6-type oxides. Green and blue squares denote the trirutile- and PbSb2O6-
ype  oxides, respectively and compounds drawn by red denote the pentavalent
ismuthates prepared from NaBiO3·1.4H2O.
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[Fig. 4. Unit cell volume vs. ionic radii of cations for ﬂuorite-type oxides.
rirutile- and PbSb2O6-type oxides. The values of unit cell volume of
rirutile-type ABi2O6 (A = Mg,  Zn) and PbSb2O6-type ABi2O6 (A = Sr,
b, Ba) belong to the highest regions in trirutile- and PbSb2O6-type
xides, respectively. It may  be said that these bismuthates can be
btained only by special preparation method such as hydrothermal
eaction. The thermodynamical stability of these bismuthates is
iscussed elsewhere [11].
Fig. 4 shows plot of the unit cell volume against the ionic radii
f cations for ﬂuorite-type oxides. These ﬂuorite-type oxides are
ivided into two groups of typical ﬂuorite-type ones and rare-earth
ismuthates. The former has the linear relationship between the
nit cell volume and the ionic radius of cations and the later was
ecluded from that relationship. (Pb1/3Bi2/3)O1.4 belonged to the
ater group. This deviation from the linear relationship may  be due
o a stereo active lone pair of Bi3+.
. Conclusions
The crystal structures of two types of bismuth oxides, SrBi2O6
nd (Pb1/3Bi2/3)O1.4 were reﬁned for the ﬁrst time by using pow-
er neutron diffraction data. The value of the unit cell volume of
rBi2O6 fell on the linear relationship between the unit cell volume
nd the sum of ionic radii for PbSb2O6-type oxides. That of the unit
ell volume of (Pb1/3Bi2/3)O1.4 belonged to the group of rare-earth
ismuthates with the ﬂuorite-type structure.
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